We have obtained deep far-(F UV ) and near-ultraviolet (NUV ) images of the inner region of the dense globular cluster M 15 with the Advanced Camera for Surveys on board the Hubble Space Telescope. The F UV − NUV colourmagnitude diagram shows a well defined track of horizontal branch stars, as well as a trail of blue stragglers and white dwarfs. The main sequence turn-off is clearly visible at F UV ≃ 23.5 mag and F UV − NUV ≃ 3 mag, and the main sequence stars form a prominent track that extends at least two magnitudes below the main sequence turn-off. As such, this is the deepest F UV − NUV colour-magnitude diagram of a globular cluster presented so far. Cataclysmic variable and blue straggler candidates are the most centrally concentrated stellar populations, which might either be an effect of mass segregation or reflect the preferred birthplace in the dense cluster core of such dynamically-formed objects. We find 41 F UV sources that exhibit significant variability. We classify the variables based on an analysis of their UV colours and variability properties. We find four previously known RR Lyrae and 13 further RR Lyrae candidates, one known Cepheid and six further candidates, six cataclysmic variable candidates, -2 -one known and one probable SX Phoenicis star, and the well known low-mass X-ray binary AC 211. Our analysis represents the first detection of SX Phoenicis pulsations in the F UV . We find that Cepheids, RR Lyraes and SX Phoenicis exhibit massive variability amplitudes in this waveband (several mags).
Introduction
Globular clusters (GCs) in the Milky Way are old, gravitationally bound stellar systems. Stellar densities in their cores can be extremely high, reaching up to 10 6 stars/pc 3 , hence making them ideal crash-test laboratories for studying the dynamics in such dense environments. Close encounters and even direct collisions with resulting mergers between the cluster stars are inevitable, leading to a variety of dynamically formed, exotic stellar populations like blue stragglers (BSs), cataclysmic variables (CVs), low-mass X-ray binaries (LMXBs), and probably binary horizontal branch (HB) stars and other close binary (CB) systems. CBs are important for our understanding of GC evolution, since the binding energy of a few CBs can rival that of a globular cluster. Thus, by transferring their orbital energy to passing single stars, CBs can significantly affect the dynamical evolution of the cluster (e.g. Elson et al. 1987 , Hut et al. 1992 , and references therein). This depends critically on the number of CBs; if there are only a few CBs, long-term interactions dominate the cluster evolution, but the presence of many CBs can lead to violent interactions that heat the cluster and cause its expansion and evaporation on significantly shorter time-scales. Therefore, knowledge of the CB populations in the cores of clusters is crucial to understanding the evolution of clusters.
However, despite their impact on cluster evolution and their importance for our understanding of dynamical binary formation and binary evolution, there have been only few detections of binaries in globular clusters during the past decades. The study of binaries has been extremely difficult due to the spatial resolutions and detection limits of the available telescopes. Only with the arrival of Chandra and the Hubble Space Telescope (HST), with their improved imaging capabilities, has it been possible to finally detect large numbers of CVs and other binary systems (e.g. Grindlay et al. 2001; Edmonds et al. 2003a Edmonds et al. , 2003b Knigge et al. 2002 Knigge et al. , 2003 Dieball et al. 2005a and references therein).
CBs and other dynamically formed systems share an observational characteristic: they show a spectral energy distribution that is bluer than that of other cluster members and emit radiation in the far-ultraviolet (F UV ). "Ordinary" stars, like main sequence (MS) stars and red giants (RG), are too cool to show up at these wavelengths. As a consequence, crowding is generally not a severe problem in F UV imaging, very much unlike optical imaging, which is often nearly impossible in dense cluster cores. Thus, a deep, high-resolution F UV -survey is the ideal tool to detect and study these stellar species.
So far, deep F UV studies have been carried out in detail only for two clusters: 47 Tuc (Knigge et al. 2002 (Knigge et al. , 2003 and NGC 2808 (Brown et al. 2002 , Dieball et al. 2005 . In 47 Tuc, Knigge et al. (2002) found F UV counterparts to all of the Chandra CV candidates known at that time in the core of this cluster (Grindlay et al. 2001) 2 and confirmed their CV nature. In addition, several additional CV candidates were suggested, and a clean, wellpopulated F UV BS sequence and numerous young white dwarfs (WDs) on the upper end of the cooling sequence were found. In NGC 2808, Brown et al. (2001) used F UV and NUV imaging to uncover a population of sub-luminous hot HB stars, that probably underwent a late helium-core flash on the WD cooling curve. Our own re-analysis of this data set pushed the detection limits deeper, and revealed numerous BSs, CV candidates and hot young WDs in this cluster (Dieball et al. 2005a ).
M 15 is one of the oldest (13.2 Gyr, McNamara et al. 2004) , low-metallicity ([Fe/H] = −2.26, Harris 1996) GCs in our Galaxy, at a distance of 10.3 kpc (van den Bosch et al. 2006) . It has received considerable attention in the literature for numerous reasons. It is probably a core-collapsed cluster, with a very small and very dense core (R c ≈ 0.
′ 07, ρ c ≈ 7×10 6 M ⊙ pc −3 , van den Bosch et al. 2006) . Because of its unusual compact core, its high central velocity dispersion and luminosity profile, it has even been suggested that M 15 hosts an intermediate massive black hole (IMBH) of up to a few thousand M ⊙ (e.g. Peterson et al. 1989 , Guhathakurta et al. 1996 , Gebhardt et al. 1997 . However, Baumgardt et al. (2003) presented N-body models that are capable of explaining the observed velocity dispersion and luminosity profile without the need for a central IMBH, but with a concentration of neutron stars (NSs) and massive WDs in the centre due to mass segregation. McNamara et al. (2003) also found that there is little evidence for an IMBH, their proper motion dispersion profile of the inner region of M 15 being in good agreement with the predictions from Baumgardt et al. (2003) . Most recently, van den Bosch et al. (2006) suggested a mass of 3400 M ⊙ in the central 0.05 pc which could either be an IMBH, or a large number of compact objects, or a combination of both.
M 15 is also the only galactic GC known to harbour two bright LMXBs. The first one, 4U 2127+119, was identified by Aurière et al. (1984) with the optical counterpart AC 211. It has an orbital period of 17.1 hrs (Ilovaisky et al. 1993) and is one of the optically brightest LMXBs known. Its high L opt /L X ratio suggests that the system is an accretion disk corona source. White & Angelini (2001) used Chandra observations to resolve 4U 2127+119 into two X-ray sources, separated by just 2.
′′ 7 (see also Charles et al. 2002 and Hannikainen et al. 2005) . One of these was the previously known LMXB AC 211. The second source, CXO J212958.1+121002 or M 15 X-2, is actually 2.5 times brighter than AC 211 in X-rays and is the likely source of the X-ray bursts observed in 1988 and 2000 (Dotani et al. 1990; Smale 2001) . Its optical counterpart is a blue U ≈ 19 mag star (star 590 in De Marchi & Paresce 1994). Dieball et al. (2005) found that M 15 X-2 is an ultra-compact X-ray binary (UCXB) with an orbital period of 22.6 min, only the third confirmed such object in a GC.
M 15 is one of the three original Oosterhoff type II clusters identified in Oosterhoff (1939) . More than 200 variable stars are known in this cluster, the majority of them are RR Lyrae stars (e.g. Silbermann & Smith 1995 , Clement et al. 2001 , Arellano et al. 2006 . Clement et al. (2001) lists 204 entries in their catalogue of variable stars in M 15, out of these 149 are RR Lyrae stars (at least 55 are of type RRab, 52 or type RRc, and 23 are of type RRd). Tuairisg et al. (2003) classified 19 RRc (10 new ones), 12 RRab (6 previously unknown) and two RRd (one previously unknown). However, the classification of the RR Lyrae subtype is not always consistent with Clement et al. (2001) .
The cluster also hosts other interesting stellar populations, amongst them a large number of BSs (e.g. Yanni et al. 1994) . At least three SX Phoenicis stars (Jeon et al. 2001 , Kravtsov & Zheleznyak 2003 , eight millisecond pulsars (Phinney 1996) and three dwarf nova candidates are known (Shara et al. 2004 , Hannikainen et al. 2005 . De Marchi & Paresce (1994 also found extreme blue stars in their broad-band UV colour-magnitude diagram (CMD), which were explained by D' Antona et al. (1995) as the merger product of two low-mass helium white dwarfs. Most of the above mentioned exotica are indicators of strong dynamical interaction. M 15's optical CMD shows a prominent blue horizontal branch (BHB) and extreme blue horizontal branch (EHB) stars with a few gaps along the HB, see later our Fig. 4 , right panel.
Here, we present F UV and NUV data of M 15 taken with the Advanced Camera for Surveys (ACS) on board the HST. In Sect. 2 we describe the data and their reduction. We present the analysis of the photometry and the F UV vs. NUV CMD in Sect. 3. Our search for variability among our catalogue stars and a study of the variable sources is given in Sect. 4. Our results are summarized in Sect. 5.
Observations and data reduction
M15 was observed with the ACS onboard HST for a total of 10 orbits in October 2003, and October to December 2004. The observations were spaced out through this period in order to improve our chances of measuring time-variable phenomena. On the first visit in October 2003, eight images with individual exposures of 290 sec were obtained using the NUV F220W filter in the High Resolution Channel (HRC). The remaining visits were used to obtain a total of ninety images using the F UV F140LP filter in the Solar Blind Channel (SBC). Each of the SBC visit consisted of eight 300 sec exposures, followed by either a 40 or a 140 sec exposure at the end of the visit. The same pointing and no dither pattern was used for all of the observations. An observing log can be found in As the ACS focal surfaces are inclined towards the principal rays, the resulting exposures are geometrically distorted. This distortion consists of two effects, namely a tilted elongation of the ACS apertures, causing the pixel scale to be smaller along the radial direction than along the tangential direction of the Optical Telescope Assembly field of view, and a variation of pixel area across the detector. In order to correct these effects, each pixel of the distorted original image has to be mapped onto pixels in a rectified, undistorted output image, taking into account shifts and rotations between images and the -known -optical distortion of the camera. For a detailed discussion on the distortion effects of ACS imaging and the use of multidrizzle we refer the reader to the HST ACS data handbook and references therein.
We created master images for each filter using multidrizzle running under PyRAF. As a first step, we geometrically corrected the single flatfielded images. To account for small shifts between the desired and actual pointing positions, we used the IRAF 3 tasks crossdriz and shiftfind on the single drizzled (i.e. geometrically corrected) images. The shifts are usually less than a pixel, but can be as high as 1.8 pixels for one orbit in SBC/F140LP. For the HRC/F220W images we found that it is sufficient to use the pipeline combined and drizzled image that is created for each orbit. Note that the combined and geometrically corrected ACS/SBC and HRC images produced by multidrizzle have a pixel scale of 0.025 ′′ /pixel and are normalized to 1 sec exposure time. The total exposure times are 24800 sec for the F UV and 2320 sec for the NUV master image and have to be considered when calculating the photometric errors.
The combined and geometrically corrected F UV (SBC/F140LP) and NUV (HRC/F220W) master images are shown in Fig. 1 and 2 . As expected, the F UV image is considerably less crowded than the NUV image. Both images show significant concentrations of sources towards the cluster core.
Source detection
As one of our main goals of this study is to construct a deep F UV − NUV CMD, we took special care to identify as many of the weak sources as possible. We first used daofind (Stetson 1991) running under IRAF to create an initial list of source detections. After some experimentation, we used a FWHM of 5 pixels and a rather high threshold to maximize the number of faint sources detected and minimize the number of multiple detections in and around bright sources. We caution that the FWHM used in daofind does not reflect the "true" FWHM of the SBC PSF, but is rather a compromise to minimize the number of false detections at the image rims and in the defect or shaded areas of the MAMA detectors (due to the broken anode of the ACS MAMA; see the ACS handbook for details). We overplotted the source coordinates on the F UV master image and inspected them by eye. Overall, the process worked well. However, we found that the automatic process left some faint sources missing and others (bright sources) that were multiply detected. We inserted missing faint sources by hand and deleted false detections at the rims of the image, in the defect area, and multiple detections around bright stars. In the end, our resulting catalogue of F UV sources contained 2731 entries.
Source detection in the NUV master image worked well with standard values for the threshold (Stetson 1991) and 9164 sources were detected. In order to match the F UV and NUV catalogues, we first transformed the F UV coordinates onto the NUV frame using the geomap and geoxytran task running under IRAF. We used 30 bright stars that are common in both the F UV and NUV image as a reference list required by geomap to determine the geometrical transformation between the two frames. Small shifts between the transformed F UV and the NUV coordinate of sources common in both frames are to be expected. These shifts depend on how well the applied coordinate transformation actually worked, and also on the width of the stars' PSF in the images. We thus checked for common pairs Fig. 1 . Note that the NUV master image is displayed with the same scale as the F UV master image in Fig. 1 , but actually the HRC field of view is just 29 ′′ × 25 ′′ and thus smaller than the SBC one. Both Fig. 1 and 2 are displayed on a logarithmic intensity scale in order to bring out the fainter sources. within a tolerance of 1.5 pixels which resulted in 1686 matches. Increasing the tolerance to 2.5 pixels added another 193 matches. These additional matches are uniformly distributed across the NUV master image with no preferred location, suggesting that our coordinate transformation worked very well and no distortions are visible. 2137 F UV sources are located within the NUV field of view. Out of these, 258 objects were not matched with a NUV counterpart. Inspecting these unmatched sources by eye, we added further 34 NUV sources to our initial NUV source list. Photometry on these 34 additional NUV sources was then performed without a gaussian recentering as these additional sources are very faint and a recentering algorithm will actually centre on the next brighter star, see Sect. 2.2 and 4. Counterparts to the remaining 224 unmatched F UV sources are too faint to show up in the NUV master image.
We expect that a few false matches are amongst our F UV −NUV pairs. The number of false matches depends on the number of objects in the two source lists, the number of found pairs, and the matching tolerance (here we chose 2.5 pixels). Following Knigge et al. (2002) we estimate that less than ≈ 37 pairs (1.9% of all found matches) are chance coincidences due to the source density in the NUV field of view. Most of the remaining unmatched F UV sources are located outside or at the rim of the NUV frame.
We chose 2.5 pixels as our maximum tolerance radius as a compromise in order to get all common pairs, but keep the number of false matches at an acceptable level. As can be seen from Table 2 , the actual matching radius is in most cases much smaller, with a mean matching radius of just 0.5 pixels.
A catalogue listing all our F UV − NUV matches is available electronically via ApJ. For reference, Table 2 lists only ten entries. We also include sources without NUV counterparts in our catalogue because these are likely to include additional WD and CV candidates.
Aperture photometry
Photometry was carried out on the combined and geometrically corrected images for each filter using daophot (Stetson 1991) running under IRAF. We used apertures of 3 pixels for both the F UV and the NUV data and allowed also for a gaussian recentering of the input coordinates derived in daofind. In the F UV , aperture corrections were determined via curves of growth constructed from isolated stars in our master images. For the NUV data, we used the encircled energy fractions published by Sirianni et al. (2005) . Because of close neighbour stars in the centre of M 15, (especially important in the HRC/F220W images, see Fig. 2 ) we chose a small sky annulus of 5 to 7 pixels to minimize the number of stars within Table 2 . Catalogue of all sources in our F UV field of view. The first nine columns are self explanatory. The tenth column denotes the matching radius between the NUV and transformed F UV Cartesian coordinates. The radius from the cluster centre (at x≈900 and y≈850 in our F UV master image, determined from star number counts in both master images) is given in column eleven. The optical B, V, U magnitudes and the corresponding id from the Van der Marel et al. (2002) optical catalogue are given in column twelve to fifteen.
A "*" means that there is no entry, either because there is no match with a NUV source and/or with an optical source. Only entries 1 -5 and 1000 -1005 are given. the sky annulus. However, our small sky annulus also contains flux from the target star. Thus, too much flux will be subtracted during sky subtraction. For a few isolated stars, we were able to choose a larger sky annulus of 50 to 60 pixels. Assuming that we get the "true" flux for the source we want to measure if we use the larger sky annulus, we can then apply a flux correction for the small sky annulus to all sources. These flux corrections depend on the PSF of the star which is different for the SBC/F140LP and HRC/F220W. For the sake of simplicity, we assume the corrections to be the same for all stars in the master image in each filter. Table 3 lists all encircled energy fractions and sky corrections for apertures of 1 to 10 pixels for both the SBC/F140LP and HRC/F220W filter.
In order to convert count rates into fluxes and STMAGs, we used conversion factors of
Fluxes are then converted into STMAGs using STMAG = −2.5 × log 10 (flux/(ee × skycorr)) + 21.1, where flux = countrate × PHOTFLAM (i.e. the measured flux inside our chosen aperture), ee is the encircled energy fraction and skycorr is the flux correction for the small sky annulus listed in Table 3 . The conversion factors PHOTFLAM are given in the image headers, see also the ACS data handbook.
The F UV − NUV CMD
The F UV − NUV CMD of the core region of M 15 is shown in Fig. 3 . Several stellar populations show up, such as the bright HB stars, BS and WD candidates. A number of sources are located between the WD cooling sequence and the MS. These sources include both detached and interacting WD-MS binaries, and we refer to these sources as "gap objects", see Sect. 3.4. The region of data points in the lower right (i.e. faint and red) part of the CMD denotes the main sequence stars and red giants. The turn-off is at F UV ≈ 23.5 mag and F UV − NUV ≈ 3 mag at the bright end of this data region. As can be seen, our CMD reaches at least 2 magnitudes below the F UV main sequence turn-off. A trail of stars extends from the main sequence turn-off towards red and fainter magnitudes. Sources that match with optical red giants are all located on this trail. Errorbars for each data point are also plotted.
For orientation purposes, we have also calculated and plotted a set of theoretical tracks representing the zero-age main sequence (ZAMS), the zero-age horizontal branch (ZAHB), and the WD cooling sequence. The sequences were constructed using theoretical ZAHB models from Dorman (1992) , the fitting formulae of Tout et al. (1996) , and the Wood (1995) grid of theoretical WD cooling curves for our WD cooling sequence. We then used synphot within STSDAS to calculate the F UV and NUV magnitudes of stars on the corresponding sequence. This was achieved by interpolating on the Kurucz grid of model stellar atmospheres and folding the resulting synthetic spectra through the response of the appropriate filter+detector combinations. For the WD cooling sequence, we used a grid of synthetic DA WD spectra kindly provided by Boris Gänsicke (see Gänsicke et al. 1995 ). The procedure is described in more detail in Dieball et al. (2005a) . For all our synthetic tracks we adopted a distance of 10.3 kpc, a reddening of E B−V = 0.1 and a cluster metallicity of [F e/H] = −2.26 (Harris 1996) .
In the following, we describe the stellar populations within our CMD in more detail.
HB stars
M 15 is one of the most metal-poor GCs in our Galaxy. Like other metal-poor GCs, its optical CMD reveals a blue HB and a prominent blue tail extending to fainter magnitudes ( Van der Marel et al. 2002, see also Fig. 4 ). This tail is the so-called extreme horizontal branch (EHB), that is separated from the horizontal part by a gap. Brown et al. (2001) suggested that the subluminous EHB stars in NGC 2808 (as well as the EHB gap in its optical CMD) can be explained by a late helium-core flash that these stars undergo while they descend the WD sequence. In NGC 2808's F UV − NUV CMD, the HB stars cluster in two distinct data clumps around F UV −NUV ≈ −0.7 mag (BHB) and F UV −NUV ≈ −1.2 mag (EHB).
Our F UV − NUV CMD of M 15 reveals a strong population of 133 HB stars along a well defined HB sequence and within a bright data region at F UV ≈ 15.5 mag and F UV − NUV ≈ −0.6 mag. This is different from the F UV − NUV CMD of NGC 2808 (Brown et al. 2001; Dieball et al. 2005a ) which shows two distinct clumps of HB stars, corresponding to the optical EHB an BHB. However, our HB stars within the bright data clump match with optical EHB stars, whereas the sources along the ZAHB match with BHB stars, see Sect. 3.5 and Fig. 4 below. Thus, we possibly see a similar population of EHB stars here as in NGC 2808.
Blue Stragglers
BSs are thought to be the end product of a collision or coalescence of two or more MS stars, i.e. they are dynamically formed objects and as such are expected to be preferentially found in the dense cluster cores. As they are more massive than ordinary cluster MS stars, we expect them to be slightly evolved. In optical CMDs, they are therefore located above and slightly to the red of the MS. In our F UV − NUV CMD, see Fig. 3 , we see a trail of stars starting from the clump of MS stars and red giants in the lower right corner and reaching along the ZAMS up towards the clump of EHB stars at F UV ≈ 15.5 mag. This trail of stars is below the ZAHB and less clearly defined than the sequence formed by the HB stars. The location of these sources roughly agrees with the expected location of BSs, i.e. along the ZAMS but brighter than the MS turn-off. We find 69 BS candidates, but caution that a small number of these may not be BSs since the various stellar populations in our CMD partly overlap. The discrimination between the gap objects and BS candidates is particularly difficult and would require further observations.
White Dwarfs
A population of about 28 sources can be seen in Fig. 3 that lie along or close to the theoretical WD cooling curve and are therefore probably hot, young WDs. Twenty-five of our WD candidates are brighter than 22.5 mag.
Following Knigge et al. (2002) , we can estimate the number of expected WDs by scaling from the number of HB stars in the same field of view. We count ≈ 133 BHB and EHB stars in our CMD. Given that the lifetime of stars on the HB is approximately τ HB ≃ 10 8 yrs (e.g. Dorman 1992), we can predict the number of WDs above a given temperature on the cooling curve from the relation
where τ W D is the WD cooling age at that temperature (e.g. Knigge et al. 2002) . WDs at F UV ∼ 22.5 mag on our WD sequence have a temperature of T ef f = 26, 000 K and a corresponding cooling age of τ W D ≃ 3.99 × 10 7 yrs. We therefore predict a population of approximately 53 WDs brighter than F UV = 22.5, which strongly suggests that most if not all of our candidates are indeed WDs. Note that more and possibly fainter WDs are present in our F UV field of view but are not detected in the NUV and thus do not appear in our F UV − NUV CMD.
We caution that this is a simplistic approach and we do not take the effects of mass segregation into account. Richer et al. (1997) suggested that if the WD cooling times are an appreciable fraction of the cluster age (or rather the relaxation time), the slope of the cluster initial mass function and the relation between stellar mass and MS lifetime become important. This can increase the expected number of faint WDs up to a factor of 3.
CV candidates
As can be seen from our Fig. 3 , there are a number of sources that are located between the WD cooling sequence and the ZAMS. This is a region in the CMD where we expect to find CVs, but also detached WD-MS binaries. As we cannot discriminate between true CVs and detached WD-MS binaries based on our F UV − NUV CMD alone, we refer to these sources as "gap objects", thus denoting sources that are located in the gap region between the WD cooling sequence and the MS. We find ≈ 57 sources in this gap zone, but caution again that this figure is not to be taken as a strict number as the discrimination especially between these gap objects and other populations like WDs, MSs and BSs is somewhat difficult. In the following, we will compare this number with theoretical predictions for CVs. For this purpose, we scale the predicted number of dynamically-formed CVs in 47 Tuc to M 15.
For 47 Tuc, Di Stefano & Rappaport (1994) predicted a population of ∼ 190 active CVs formed via tidal capture. Ivanova et al. (2006) investigated all sorts of dynamical and primordial formation channels and predict a few hundred CVs which should be present in the cluster core in 47 Tuc. However, Shara & Hurley (2006) found that dynamically produced CVs have shorter lives than their field counterparts, which decreases the expected number of CVs by a factor of 3. They based their study on N-body simulations starting with 100,000 objects and a binary fraction of 5%, and found that exchange interactions are more likely to make CVs with higher mass MS donors (donor mass > 0.7M ⊙ ), which are more likely to be short-lived than their field counterparts.
We follow the simplified estimate for the capture rate in globular cluster cores (Heinke et al. 2003) Γ ∝ ρ 1.5 c · r 2 c , where ρ c is the central luminosity density and r c the core radius. Taking ρ c , r c and the distance to the clusters from Harris (1996) , we find that the expected number of dynamically-formed CVs in M 15 is ≈ 200, comparable to what is expected for 47 Tuc. Di Stefano & Rappaport (1994) found that approximately half of the captures would take place within 1 core radius. Given our detection limits, we cannot hope to detect the very oldest and faintest CVs. The coolest WDs that we detect have T ef f = 26, 000 K (see Sect. 3.3 ).
This suggests that we can only expect to find relatively bright, long-period CVs above the period gap (see Townsley & Bildsten, 2003, their Figs. 1 and 2) . About twenty of these long-period CVs should exist in 47 Tuc (Di Stefano & Rappaport, 1994, their Fig. 3 and Table 5 ). Scaling this number, we expect 21 such systems in M 15. As our image covers more than 5 × r core , we expect to find most, but perhaps not all, of these sources. As a rough estimate, we suggest that 10 to 21 of the long-period, active CVs should be within our field of view. If dynamical effects shorten the lifetime of CVs by a factor of about 3, as suggested by Shara & Hurley (2006) , the expected number of CVs in our data would drop accordingly. We caution that these are extremely rough estimates, but they suggest that some, but not all, of our gap objects are likely to be CVs.
Optical counterparts
An optical catalogue of 31,983 sources in the central region of M 15 was presented by Van der Marel et al. (2002) . These data were obtained in April 1994 in the context of HST program GO-5324, using the WFPC2/F336W, F439W, and F555W camera/filter combination, with the PC centred on the cluster centre. The chosen WFPC2 filters correspond roughly to the Johnson U, B, and V bands. First results from these observations were reported by Guhathakurta et al. (1996) . Van der Marel et al. (2002) applied an improved astrometric and photometric calibration to the original star list, and we used this catalogue to find optical counterparts for our F UV sources.
We first transformed the α, δ coordinates in the optical catalogue to the Cartesian (x, y) F UV coordinate system, using the IRAF task wcsctran. Note that since the optical α, δ coordinates do not correspond exactly to the F UV ones, the Cartesian coordinates also do not match exactly and require a further transformation. Thus, we selected eighty HB stars that are common to both catalogues and could be easily identified. These eighty sources served as our reference list for a coordinate transformation. Using the IRAF tasks geomap and geoxytran, we transformed the physical F UV coordinate system to the optical (x, y) one.
4 Allowing for a matching radius of 1.5 pixel, we then found 1632 sources that are 4 We found a rather large shift between our F U V and the optical coordinates given in the electronic version of the optical catalogue available via CDS, Strasbourg. (White & Angelini 2001; Kulkarni et al. 1990 ). However, the original electronic table in Van der Marel et al. (2002) listed only ∆α and ∆δ with respect to cluster centre and no absolute α, δ. Applying ∆α and ∆δ to the cluster centre coordinates given in Van der Marel et al. common to both the optical and our F UV catalogue.
We checked the location of the common sources in both the F UV − NUV and the optical CMD and found that indeed all stellar populations are at their expected location in the optical CMD, i.e. our matched HB stars are on the optical blue or extended blue horizontal branch (see Sect. 3.1 above), and the matched sources within our BS region are in the BS region in the optical CMD, and so on. This is illustrated in Fig. 4 where we indicate the different stellar populations found in our F UV − NUV CMD with different colours and overplotted them on the optical CMD. A few BS are within the optical MS region, which indicates that these BS are formed from the coalescence of lower-mass MS stars and thus are of a lower mass than the BS above the optical MS turn-off. All matched sources that are located in the MS/RG clump in our F UV − NUV CMD correspond to optical MS or RG. We didn't find any counterparts to our WD candidates, which is to be expected as WDs are extremely faint in the optical. We found twelve matches amongst our gap objects. Ten of these are located along the optical MS. These systems might be CVs or detached WD-MS binaries that are dominated by the MS star in the optical, whereas the systems are dominated by the accretion disk or a hot WD in the F UV . Note that the gap object with the bluest optical counterpart is actually the UCXB M 15 X-2.
3.6. Radial distributions of the stellar populations Fig. 5 shows the cumulative radial distribution of the stellar populations that show up in our CMD and that are discussed above. As our CMD is limited by our NUV data, we only consider data that are brighter than NUV = 21 mag. We note that the radial distribution of MS stars is not shown because the difference between the MS stars and all other populations might be an effect of incompleteness in the cluster core in the F UV image. A few bright stars are concentrated in the cluster centre, and the broad PSF wings of the bright sources hampers the detection of faint objects, i.e. especially MS stars and WDs. As only two WD candidates with NUV < 21 mag are present in our limited data set, we show only the radial distributions of BS candidates, gap objects and HB stars, see the top panel in Fig. 5 . All of the gap sources are CV candidates to start with, but we caution again that this sample might also contain detached WD-MS binary candidates. The gap objects seem to be the most centrally concentrated stellar population, followed by BS candidates and then HB stars.
We applied a Kolmogorov-Smirnov (K-S) test on the restricted data set in order to de- (2002) termine the statistical significance of the differences between the various stellar populations. However, we caution that HB stars, gap sources and BS candidates cannot be clearly distinguished based on the CMD alone, and we might have sources in one sample that actually belong to another. Our selected data set contains 133 HB stars, 69 BS candidates and 16 gap sources.
The K-S test returns the probability that the maximum difference between the two distributions being compared should be as large as observed, under the null hypothesis that the distributions are drawn from the same parent populations. In this sense, a high K-S probability agrees with both distributions to be likely from the same parent distribution. The smaller the returned K-S probability, the more unlikely it is that they originate from the same parent distribution, i.e. the more different are the two compared distributions. BS candidates and gap sources differ from the HB population with K-S test probabilities of 14% (BSs vs. HBs) and 2% (gap sources vs. HBs). Gap objects and BS candidates are different with K-S probability of 8%.
As shown in Fig. 5 , gap sources and BS candidates are the most centrally concentrated populations. There are two possible physical explanations for this: (1) Since CVs and BSs are expected to be more massive than MS and HB stars, the differences in radial distribution could be an indication of mass segregation, i.e. the heavier objects sink towards the cluster core and end up more centrally concentrated than the lighter MS and HB stars (and WDs).
(2) Alternatively, since CVs and BSs in globular clusters can form through two or threebody interactions which take place preferentially in the denser cluster core, they may be overabundant there because this is their birthplace.
In any case, the enhanced central concentration of the gap sources provides additional evidence that most of these sources are indeed CVs or non-interacting WD/MS binaries (as opposed to chance superpositions, foreground stars, etc), i.e. they either segregated towards the cluster centre, or they formed in the dense core region.
The bottom panel in Fig. 5 shows the radial distribution of only HB stars. We compare EHB and BHB stars, and it seems that EHB stars are slightly more concentrated in the inner 5 ′′ , i.e. the cluster core. As a next step, we compare the EHB and BHB stars only in the cluster core (Fig. 6, top panel) and outside the core region (Fig. 6, bottom panel) . We found that the two HB populations in the inner 5 ′′ are different with K-S probabilities of 7.5%, whereas the EHB and BHB populations in the outskirts (i.e. outside the cluster core) of M 15 appear not be different, with a K-S test probability of 93.2%. This might indicate that EHB stars are indeed more centrally concentrated than BHB stars. One possible explanation could be that EHB stars have a dynamical origin (Fusi Pecci et al. 1993 ) and could have formed from mergers of WD binary systems (Iben 1990 ).
Variable candidates

Detection of Variability
For our variability study only relative magnitudes are needed. For this purpose, we performed photometry on the individual drizzled, i.e. geometrically corrected, images, allowing also for a gaussian recentering of the input coordinates. We only used exposures taken in SBC/F140LP, since this data set provides the longest time coverage (from October 14 to December 5, 2004) . In total 90 exposures were used for this analysis. Eighty of these had exposure times of 300 sec, six were exposed for 40 sec and four had exposure times of 140 sec (see Table 1 ).
For each star in our input catalogue of F UV sources, its mean magnitude and the corresponding standard derivation were calculated from all single magnitudes. Fig. 7 shows a plot of all mean magnitudes versus their corresponding σ mean for all stars. Based on this plot, we selected 53 sources that show a σ mean exceedingly higher than their companions with similar brightness. These initial variable candidates are marked with crosses in Fig. 7 . As a next step, we checked each of our initial variable candidates by eye on all ninety input images. We found that in a few cases, the recentering algorithm actually centred on the nearest neighbour instead of the source in question. This happened especially for our variable candidate no. 32, which for a few orbits became extremely faint. In these cases, we forced the photometry on the initial input coordinates without recentering. We caution that for accurate photometry a recentering is usually better, as small shifts between the input images might occur (see Sect. 2.1). However, in the case mentioned above, the recentering fails to work and photometry forced on the initial input coordinates is then the only option available, but should be considered with some care.
A few initial variable candidates were located in the halos of close bright stars. These stars are either only detectable in the combined master image, but are too faint to show up in the single input images (which can have exposure times as low as 40 sec), or they might just be false detections in the halos of bright stars. For our further analysis, these questionable candidates are not considered. Most of these doubtful objects have no NUV counterpart (except for source 2388), which again indicates that they are either very blue and faint sources, or indeed false detections. Two variable candidates turned out not to be true sources at all but bad pixels and were consequently deleted from our list of F UV sources in Table 2 . We checked that there are no further known bad pixels that coincided with suspected sources. The remaining 41 variable candidates are marked with diamonds in Fig. 7 and will be discussed in detail in the following. Note that six of our good variable candidates (V1, V2, V3, V4, V6, and V35) are located outside the NUV field of view. V15 and V40 are inside the common field of view, but do not have a NUV counterpart within our chosen tolerance radius of 2.5 pixels. Consequently, these eight variable candidates do not appear in the CMD in Fig. 3 . Our notation "Vxx" refers to the variable candidates that we discuss in the present paper. We caution that Clement et al. (2001) use the same nomenclature but for different stars.
Note that the UCXB M 15 X-2 does not show a noticeable σ mean . This source has an orbital period of 22.5806 ± 0.0002 min, and the signal is clearly significant, see Dieball et al. (2005b) . However, the semi-amplitude of its modulation is only 0.062 ± 0.004 mag, which is below our selection criterion in the context of this paper. All our variable candidates have σ mean > 0.2 mag, and M 15 X-2 would not have been detected as a variable based on Fig. 7 , in contrast to the LMXB AC 211, which corresponds to our V21. This shows that we detect stars that show strong variability, but we do not claim to be complete and detect "all" variable stars in the core of M 15. For this, a more thorough variability analysis would be needed, which is beyond the scope of the present paper. We marked the position of the UCXB with a star and indicate it with an arrow in Fig. 7 .
In order to check for systematic trends in our data, we analyzed the lightcurves of the ten brightest, non-variable stars in our sample. A slight trend of somewhat fainter magnitudes towards the end of each orbit is visible in all of them. The resulting periodograms all peak at a period that is consistent with the HST's orbital period. Fig. 8 to Fig. 10 show the mean-subtracted light curves over all observing epochs for all remaining good variable candidates. We computed χ 2 periodograms for all data sets in order to determine periods for all variable candidates. However, even if present, a periodicity can only be determined if the observations sample that period sufficiently well. This is the case for many but not all variables. A sine wave representing the corresponding period is then overplotted on their light curve. The folded lightcurves are shown in Fig. 11 . Tables 5 and  6 give an overview over all variable candidates, their periods and their classification based on the following discussions.
4.2. RR Lyrae stars with possible counterparts: V2, V3, V4, V8, V9, V14, V27, V28
RR Lyrae stars are radially pulsating giant stars of spectral class A -F that change their brightness with periods of 0.2 to 1.2 days and amplitudes from 0.5 to 2 mag in V (Kholopov et al. 1988) 5 . RR Lyrae are divided into (at least) two subgroups: RRab show asymmetric lightcurves and pulsate in the fundamental tone. They show periods from 0.3 to 1.2 days and amplitudes from 0.5 to 2 mag in V . RRc show first overtone pulsations, their lightcurves are roughly sinusoidal with periods of 0.2 to 0.5 days and amplitudes not greater than 0.8 mag in V .
The lightcurve of our variables V2, V3 and V4 show long-term variability, with periods of 0.3674 days (V2), 0.2768 days (V3) and 0.2995 days (V4). Periods and amplitudes agree with these variables being RR Lyrae stars. All of these three sources match within 2 ′′ with the known RR Lyrae V144 in Clement et al. (2001) , or BSR 1856 in Tuairisg et al. (2003) , and constitute possible counterparts to this object. V2's coordinates match within 0.
′′ 5 with the known RR Lyrae and is thus the closest positional match, whereas our V3 and V4 both match within 1.
′′ 8 with BSR 1856. Tuairisg et al. (2003) derived a period of 0.2990 days for BSR 1856, which agrees very well with the period of our V4. It is likely that V2 and V3 maybe are newly discovered RR Lyrae whereas V4 is the true counterpart to BSR 1857.
The coordinates of V8 match within 0.
′′ 9 with V165 in Tuairisg et al. (2003) for which they derived a period of 0.4339 days. We derived a much smaller period of 0.3644 days which fits our observed lightcurve better than a period of 0.4339 days. As a further test, we folded the lightcurve with our period and a period of 0.4339 days, see Fig. 12 . As can be seen, the resulting plot with the longer period does not result in a smooth curve. Although the coordinates agree well enough, the different periods suggest that our V8 is probably not the same source as V165 in Tuairisg et al. (2003) .
V9 matches within 1.
′′ 1 with V128 in Clement et al. (2001) . However, our period is 0.3492 days and thus somewhat shorter than the one Tuairisg et al. (2003) derived for this RR Lyrae, namely 0.4034 days. Folding the observed lightcurve with our period and with the longer period of 0.4034 days, see Fig. 12 , both give reasonable smooth curves. Thus, we cannot exclude that the period derived by Tuairisg et al. (2003) might be the correct one for this RR Lyrae.
V14 and the previously known RR Lyrae V137 in Clement et al. (2001) match within 1.
′′ 8, but the periods do not agree with each other. We derived a period of 0.2997 days, which is smaller than the 0.3520 days period Tuairisg et al. (2003) derived. The fit to the observed lightcurve is better with our shorter period than with a 0.3520 days period. Also, the folded lightcurves suggest that 0.3520 days is not the correct period for this variable star.
V27 shows a long-term variability with a period of 0.3531 days which agrees very well 5 The GCVS is also available at: http://www.sai.msu.su/groups/cluster/gcvs/gcvs/ with the known RR Lyrae V160 in Clement et al. (2001) for which Tuairisg et al. (2003) derived a period of 0.3529 days. The coordinates of V27 and Tuairisg's V160 match within 2 ′′ . NUV information is available for V27, and its location in our F UV − NUV CMD is above the ZAMS and close to the ZAHB. This agrees well with the expected location of RR Lyrae stars.
V28 is within 2
′′ from the known RR Lyrae V135 (Clement et al., 2001 ). We derived a period of 0.3615 days for this variable star, which agrees very well with the 0.3619 days period obtained by Tuairisg et al. (2003) .
4.3. Newly detected RR Lyrae: V12, V16, V17, V19, V23, V29, V32, V34, V35
The coordinates of our RR Lyrae candidates V12, V16, V17, V19, V23, V29, V32, V34 and V35 do not match those of any known RR Lyrae stars within 2 ′′ . All of these sources have F UV ST M AG = 18.5 -21.3 mag, and brightness variations of about 2 -4 mag on a timescale of 0.2 to 0.6 days (see Table 5 ). Except for V35, NUV information is available for all of them, and V12 and V32 are located between the BS and ZAHB sequence in our CMD in Fig. 3 , whereas V16, V17, V23, V29 and V34 lie more or less exactly on the ZAHB track. V19 is somewhat fainter and redder than most of the other RR Lyrae candidates and is located above the faint end of the ZAHB. The positions of all these variable sources agree with the expected location of RR Lyrae stars in the F UV − NUV CMD. All of the above mentioned variables can be called RR Lyrae with good confidence, as their periods, amplitudes and their location in the CMD agree with what we expect for this type of variable. However, V12 shows a larger scatter in its lightcurve than the other RR Lyrae, and its location in the CMD is towards fainter F UV magnitudes. We call this variable a suspected RR Lyrae.
The reason why these RR Lyrae were not found in previous studies could be that optical surveys suffer from severe crowding that increases towards the cluster core. Also, the F UV amplitudes for RR Lyrae are more significant than the optical ones, making them easy to detect. However, we point out that our variability census is not complete as we only consider bright variables with large F UV amplitudes. Variables that are either F UV fainter than 22 mag or have smaller amplitudes, see Fig. 7 , are not further discussed in the present paper.
Previously Suspected Dwarf Novae: HCV2005-A (CV 1) and HCV2005-B
Dwarf novae (DN) are CVs that show multiple outbursts ranging in (optical) brightness from 2 to 5 magnitudes. The outburst intervals are quasi-periodic but can range from days to decades. The duration of an outburst is typically days to weeks. These outbursts are thought to be due to the release of gravitational energy which results from an instability in the accretion disk.
In addition to the two LMXBs AC 211 and M 15 X-2, Hannikainen et al. (2005) found four faint X-ray sources within the inner 50 ′′ of M 15. Two of these sources are within our field of view, namely HCV2005-A and HCV2005-B (see Table 4 ). Hannikainen et al. (2005) suggested that HCV2005-A is a probable DN. This source is the same as the DN CV 1 in Shara et al. (2004) . This object does not appear in our initial list of F UV sources and was not noticed when we expected the F UV master image by eye. The reason for this is that it is very faint and so close to the nearest bright star that the two blend into each other and could not be discriminated. As Shara et al. (2004) pointed out, the DN is in quiescence during their F UV observations and too faint to be detected. Shara et al. (2004) used the same dataset as we do, but could only use a part of the F UV epochs as the remaining observations were not yet available at that time. In fact, CV 1 is in outburst in our fourth observing epoch, and so we were able to identify this DN (see Fig. 13 ). This source appears to be undetectable in the WFPC2 April 1994 data, on which the Van der Marel et al. (2002) catalogue is based, whereas the WFPC2 data taken in October 1994 show a bright source (see also Hannikainen et al. 2005 ).
The second X-ray source HCV2005-B is a faint NUV = 21.36 mag object that appears only in our NUV images, but is too faint to be detected in our F UV data in any epoch (Fig. 14) . Hannikainen et al. (2005) suggested that this source is most likely a DN, but might also be a quiescent soft X-ray binary. Unfortunately, we cannot shed more light on the true nature of this object.
Other Cataclysmic Variables: V7, V11, V15, V39, V40, V41
The lightcurve of our variable V7 shows brightness variations of a few tenths of a magnitude on short timescales of minutes. CVs can show sizeable variability on a wide range of timescales, and the variation we observe here might be the so called flickering, which is a random, aperiodic variability seen on timescales of seconds to several minutes and typical for CVs (e.g. Bruch 1992 ). The location of this variable source in the F UV − NUV CMD is close to the WD cooling sequence, which makes this source an excellent CV candidate. V11, Table 3 : Encircled energy fractions and sky corrections for apertures of 1 to 10 pixels. The encircled energy fractions for the SBC/F140LP data were determined using curves of growths for isolated stars in the SBC/F140LP master image; the encircled energy fractions for the HRC/F220W were taken from Sirianni et al. (2005 V15 and V40 show similar small time-scale variations. As no NUV information is available for those two sources, we call these variables suspected CVs.
Cepheids: V10
Cepheids are radially pulsating, bright variables with periods from ≈ 1 − 135 days and variability amplitudes from several hundredths to 2 mags in V . The amplitude in B is larger, and increases towards the F UV . Traditionally, both Delta Cep and W Vir stars are called Cepheids as it is often impossible to discriminate between them on the basis of the light curves for periods in the range 3 -10 days. However, these are distinct groups of entirely different objects in different evolutionary stages. Delta Cep stars, the classical cepheids, are relatively young objects belonging to the young disk population. They can be found in open clusters and have just evolved into the instability strip of the Hertzsprung-Russell diagram. W Virginis variables, on the other hand, belong to the old disk population and can be found in globular clusters and at high galactic latitudes. They show periods of approximately 0.8 to 35 days and amplitudes from 0.3 to 1.2 mag in V. The period-luminosity relations are different for Delta Cep and W Virginis variables. For more details, see Kholopov et al. (1988) .
The coordinates of V10 closely match (within 0.
′′ 2) with the Cepheid FP V16, and its period of 1.62 days also agrees with this variable source being a Cepheid star. Tuairisg et al. (2003) found a shorter period of only 1.2411 days for this object, but we note that their estimate is close to one of our aliases in our periodogram. The location of V10 in our CMD is above the ZAHB sequence.
Other possible Cepheid candidates: V1, V13, V18, V30, V31, V36
The most striking feature in the lightcurve of our variable V1 is that it brightens by ≈ 3 mag in the fifth observing epoch. This might indicate an outburst, as in DNe. On the other hand, V1 might be a variable with a long-term period, possibly 2.6 days, which might suggest that this source is a Cepheid. We do not have additional NUV information, as this star is located outside the NUV field of view. However, the counterpart to V1 in Van der Marel et al. (2002) is a bright source located on the BHB in the optical CMD (Fig. 4) . This suggests that this variable is a Cepheid. V13 is ≈ 1 − 2 mag brighter in the fifth and sixth observing epoch compared to the remaining epochs. This again might indicate an outburst as in DNe, or it might indicate a long-term variability of possibly 3.4 days, which is consistent with a Cepheid periodicity. Its location in our F UV − NUV CMD is above the ZAMS and close to the ZAHB. As CV candidates are expected in the region between the ZAMS and the WD cooling sequence, we suggest that V13 is a Cepheid candidate rather than a CV candidate. The same is true for our variable sources V18, V30, V31 and V36. All sources show an increase in brightness of about 2 mags in at least one observing epoch, which might be indicative of a DN outburst. However, a period of 1.4 days for V18, 4.5 days for V36, and 3.8 days for V30 and V31 fit to the corresponding lightcurves which might suggest that these stars are Cepheids. V18 and V36 are located above the ZAHB in our F UV − NUV CMD, see Fig. 3 , whereas V30 and V31 are located above the ZAMS and below to the ZAHB, but close to the location of the previously known Cepheid (our V10). The location of all these variables agrees with the expected location of Cepheids in our CMD.
We caution that our variable classification is a tentative one, based on the derived periods and the photometric quantities of the variables. This is especially difficult for our Cepheid candidates, as the long periods are not evenly or completely covered by our dataset. This is reflected in Fig. 11 which shows the folded lightcurves for all our variables. As can be seen, there are quite large gaps in the folded lightcurves for our Cepheid candidates, rendering their classification somewhat uncertain. However, except for V31, all our Cepheid candidates have optical counterparts, and these are all located along the BHB in the optical CMD, the expected location for Cepheid variables.
Low-mass X-ray binaries: V21/AC 211 and M 15-X2
V21 is the known LMXB 4U 2129+12 or AC 211. It is not only the brightest variable, but also the brightest F UV source in our catalogue. This source has a period of 17.1 hrs (Ilovaisky et al. 1993) and is one of the optically brightest LMXBs known. The lightcurve of V21/AC 211 is presented in Fig. 9 and seems to indicate an eclipse during the sixth observing epoch. Unfortunately, our own data coverage is not good enough to derive a reliable period for this source.
As mentioned earlier, the second LMXB in this cluster, M 15 X-2, does not show a large σ mean in Fig. 7 . We refer the reader to Dieball et al. (2005b) for a thorough discussion of this UCXB. For the sake of completeness, we include M 15 X-2 in Table 6 and mark this source in our CMD in Fig. 3. 
SX Phoenicis: V33
SX Phoenicis stars are pulsating BSs with short periods of less than 0.1 days (Jeon et al. 2001) . They are found in the old disk population and in globular clusters, and show variability amplitudes of up to 0.7 mag in V .
V33 shows large brightness variation of ≈ 3 mag with a period of 1.32 hours. A sine wave with a corresponding period fits the observed lightcurve well, see Fig. 10 . The coordinates for V33 agree within 0.
′′ 8 with the known SX Phoenicis star VGG 10041, which is ZK62 in Kravtsov & Zheleznyak (2003) who derived a period of 1.248 hours for this variable star. The F UV amplitude is much larger than the optical one. The same effect is known for RR Lyrae stars and Cepheids. Large F UV amplitudes are to be expected since the amplitudes of the pulsations increase towards the far-ultraviolet (Downes et al. 2004; Wheatley et al. 2004 ).
Another SX Phoenicis candidate: V22
Our variable V22 shows a 2 mag brightness variation with a period of 1.06 hours. Its location in our CMD, see Fig. 3 , is slightly above the ZAMS and BS track. Its characteristics suggest that it might be a SX Phoenicis star.
4.11. Other suspected variables: V5, V6, V20, V24, V25, V26, V37, V38
The lightcurve of V5 shows a small amplitude scatter, but the most striking feature is the rise in brightness at the end of the first observing epoch, which might correspond to an egress from an eclipse, or the beginning of an outburst as in DN. The source is faint in the second, third, fourth and sixth observing epoch, but brighter in the fifth observing epoch, which fits the characteristics of a DN. The source is located between the BS and ZAHB sequence in our F UV − NUV CMD, see Fig. 3 . However, its optical counterpart is located on the BHB in the optical CMD. If this source is indeed a DN in M15, its optical counterpart is unusual bright. Further observations are required to shed more light on this variable source.
The lightcurve of V6 shows a considerable drop in brightness in the second, third, and fifth observing epoch. The characteristics of the lightcurve match that of a DN. In this case, V6 seems to be in outburst during the first, fourth and sixth observing epochs. This would imply an unusual high duty cycle of 70% of the time coverage. Unfortunately, this star is located outside the NUV field of view. However, we do have an optical counterpart to this source, which is a rather unexpected one: it is one of the brightest optical sources, and its location in the optical CMD is bluewards of the tip of the RG branch at V = 12.953 and B −V = 0.737 mag (see Fig. 4 ). Its optical magnitude is far too bright to agree with a DN at the distance of M 15. A possible explanation is that the optical counterpart is a "mismatch" (although the F UV and optical coordinates agree within 0.
′′ 0165) and the "true" optical source might be an undetected, faint source in nearly the same line of sight as the bright one. Another, and perhaps more likely, explanation is that this source is a variable field star that happens to be in our line of sight. If it is a field DN, it would be much closer to us than M 15, i.e. at least 400 pc assuming an absolute M V = 5 mag for a DN in outburst.
Our variable V20 shows flickering and in addition reveals some long-term variability. It is brightest during our first, third, fourth and fifth observing epochs. This might indicate outburst activity, as in DNe. It is also possible that V20 is a CV of VY Scl type, which show sudden drops in brightness. If this is true, V20 might be in a low state in the second and sixth observing epoch. On the other hand, its lightcurve could also be explained with a Cepheid-type long-term periodicity of 1.5 days. This suspected variable is a bright source and is located just below the ZAHB in our CMD. Based on its lightcurve and location in the CMD alone we cannot decide whether this source might be a bright CV or a bright Cepheid, and further observations are required to decide on the nature of this variable. V24 is located above the clump of MS stars and red giants and on the lower (fainter) part of the ZAHB in our F UV −NUV CMD. From its location in the F UV −NUV CMD, it might well be a F UV fainter but redder BS or a BHB star. However, the optical counterpart to this source is located on the BHB in the optical CMD. This suggests that this source might be a binary or pulsating HB star.
The lightcurve of V25 shows some small-scale amplitude variation on short time-scales, possibly flickering. However, in addition to the flickering, a long-term variability seems to be superposed, which can be seen in the first observing epoch where the source is ≈ 2 mag fainter towards its end. The location of V25 in our CMD is on the lower, fainter part of the ZAHB. This source is difficult to classify, and it might be a binary or pulsating BS or HB star.
V26, V37 and V38 show flickering with a few tenths of a magnitude variation on short time-scales. Their location in the F UV − NUV CMD is close to the ZAMS and they might either be bright CVs or binary or pulsating BSs. Only V37 has an optical counterpart, but its optical magnitudes agree again with both a BS or a bright CV.
Variability Census and its Implications
We found 41 sources that show strong signs of variability. Based on the appearance of their lightcurve (Figs. 8 to 10) , their period and their location in the F UV − NUV and in the optical CMDs (Figs. 3 and 4) , we suggest classifications for our variable sources. We compared the coordinates and periods, if available, of our variable sources with known variables in the core region of M 15. In total, we found 17 RR Lyrae stars, out of these four are known, six CV candidates, one known SX Phoenicis star and another SX Phoenicis candidate, one previously known Cepheid and six further candidates, and the known LMXB AC 211. The eight remaining suspected variables cannot be classified clearly but most of them might be CVs or pulsating/binary BSs.
Note that only six out of our gap objects show strong signs of variability. However, the remaining gap objects might also be variable, but they are either fainter or have smaller amplitudes and thus were not detected in our variability study, see Fig. 7 . (We note again that, for example, the UCXB M 15 X-2 was not detected as a strongly variable source in this study, as it shows a modulation with only 0.062 mag semi-amplitude; see Dieball et al. 2005b.) We marked the gap objects that we selected based on our F UV −NUV CMD as red dots in Fig. 7 . The green dots denote the two sources that do not have a NUV counterpart and thus do not appear in our F UV − NUV CMD, but are likely CVs because of their variability. There are ≈ 60 gap objects/CV candidates. Typical short-timescale variability for a CV is flickering with amplitudes of a few tenths of a magnitude. As can be seen from Fig. 7 , there are 25 gap sources that show a σ mean > 0.5 mag, but most of these are located in the bulge of faint sources at F UV mean > 22 mag and thus were not considered in the above study. We consider these sources good CV candidates. This number agrees with our previous estimate, see Sect. 3.4.
Summary
We have analyzed deep far-UV ACS HST observations of the core of the metal poor globular cluster M 15. Based on our F UV and NUV data, we constructed a CMD in which various stellar populations are present. Our CMD is deep enough that MS stars and red giants show up. The MS turn-off is visible at F UV ≃ 23.5 mag and F UV − NUV ≃ 3 mag, and the MS stars and red giants form a prominent data clump that extends at least 2 magnitudes below the MS turn-off. As such, this is the deepest far-UV CMD presented so far. A line of ≈ 70 BS candidates and a well defined sequence of ≈ 130 HB stars are present in our CMD. BHB stars are located along the well defined HB sequence, whereas EHB stars are clustered within a bright data clump. Approximately 30 WD candidates are found close Tuairisg et al. (2003) . Table 6 : Classification of all other variables. Periods are in days unless otherwise stated. References for the known variables are: (a) Tuairisg et al. (2003) , (b) Ilovaisky et al. (1993) , (c) Kravtsov & Zheleznyak (2003) , (d) Dieball et al. (2005b) . to the WD cooling sequence, which is well within the expected number of WDs in our field of view down to F UV ≃ 22.5 mag. The region between the WD cooling sequence and the ZAMS & BS track is occupied by ≈ 60 objects. Theoretical considerations suggest that at least some of these are CVs. We caution that these numbers should not be taken as exact, since the discrimination between the various zones in our CMD is difficult. The cumulative radial distributions of the stellar populations in our F UV − NUV CMD suggest that gap sources and BS candidates are the most centrally concentrated populations. This might be the expected effect of mass segregation, i.e. more massive stars and binaries like CVs and BSs sink towards the cluster core. Alternatively, it might reflect the preferred birthplace of such objects, as CVs and BSs are thought to be dynamically formed and as such are preferentially found in the dense cluster core. We found that also EHB stars are more concentrated in the core region than BHB stars. This might indicate that at least some EHB stars also have a dynamical origin.
We searched for variability among our F UV catalogue stars and found 41 variable sources. They are distributed over the entire CMD, but most of them are located either around the ZAHB or the ZAMS. Periods could be derived for 27 variables. Based on their variability properties and their location in the F UV − NUV CMD, we suggest classifications for 33 variables. Seven variable sources could be identified with previously known variables.
In total, we found four known RR Lyrae stars, 13 additional RR Lyrae candidates, six CV candidates, two SX Phoenicis stars (of which one is known), seven Cepheids (one previously known) and the known LMXB AC 211. The eight remaining suspected variables cannot be classified clearly, but most of them might be CVs or pulsating/binary BSs. We found that the amplitude variations for RR Lyrae stars, Cepheids and SX Phoenicis stars are a few magnitudes in the F UV and thus much larger than in the optical. This is to be expected since the amplitudes of the pulsations increase towards the F UV (Downes et al. 2004; Wheatley et al. 2004) . However, this is the first time such large scale F UV amplitude variations have been observed for SX Phoenicis stars. Note that out of our 60 gap objects/CV candidates, only six show strong signs of variability. However, 25 of the gap sources show σ mean ≥ 0.5 mag. We consider at least these to be good CV candidates. This number agrees with theoretical predictions.
All previously known X-ray sources and DNe that are located in our field of view are detected in our UV study. The LMXB AC 211 is the brightest F UV source in our sample, and also the UCXB M 15 X-2 is among the brightest sources. HCV2005-A and HCV2005-B (Hannikainen et al. 2005) are both detected in our NUV dataset, although HCV2005-B appears only as a faint NUV source and is not detected in the F UV . HCV2005-A or CV 1 (Shara et al. 2004 ) is in outburst in our fourth F UV observing epoch, but otherwise too faint to be detected in the F UV .
Overall, the results of our study confirm that F UV observations are particularly well suited in studying hot, and especially dynamically-formed, stellar populations like CVs, BSs and X-ray binaries in the cores of GCs. They are also a powerful tool in detecting new variable stars in the dense core regions of GCs where optical studies are hampered by the immense crowding. In addition, the large F UV amplitude variations of especially RR Lyrae, Cepheids and SX Phoenicis stars make them easily detectable as variables in this waveband.
All clusters that have been studied so far in the F UV , namely 47 Tuc, NGC 2808 and M 15, revealed large numbers of gap objects that were more or less consistent with theoretical predictions for dynamically formed CVs. It is interesting to directly compare NGC 2808 and M 15, as both clusters now have been studied in both the F UV and NUV , with a full coverage of the cluster cores. Table 7 lists the cluster parameters taken from Harris (1996) and the number of gap objects and BS and WD candidates found in the clusters. As can be seen, slightly more gap sources were detected in NGC 2808 than in M 15, whereas more BS candidates are present in M 15 than in NGC 2808. Evidence for a concentration of the more massive CVs and BSs is more evident in NGC 2808 (see Dieball et al. 2005a , Fig. 4) , which is somewhat contrary to the longer relaxation time for the cluster's core (see Table 7 ). However, we caution that these are still small number statistics, so their difference is not particularly significant. We are currently working on data of more clusters. Our current sample with just two GCs is too small to draw any conclusions about the impact of a difference in the binary populations on the cluster evolution. However, the large number of exotica and massive binaries found in the cores of these clusters agrees with theoretical expectations for evolved clusters. Table 7 : Number of gap sources and WD and BS candidates detected in GC. The cluster metallicity and the logarithmic core relaxation time lg(tc) and halfmass relaxation time lg(th) are taken from Harris (1996) We are grateful to an anonymous referee for a valuable discussion that helped us to improve this paper. DH acknowledges the Academy of Finland. This work was supported by NASA through grant GO-9792 from the Space Telescope Science Institute, which is operated by AURA, Inc., under NASA contract NAS5-26555. Fig. 3 .-F UV − NUV CMD of the core region of M 15. For orientation purposes, we include a theoretical WD cooling sequence, a zero-age main sequence (ZAMS), and a zeroage HB track (ZAHB, see text for details). The circles and the corresponding numbers denote variable F UV sources, as discussed in Sect. 4. The location of the UCXB M 15 X-2 is also indicated with a magenta square. The brightest F UV star detected, V21, corresponds to the luminous LMXB AC 211, see Sect. 4.8. . The stellar populations are at their expected location in the optical CMD, i.e. our BS candidates are mainly above the MS turn-off in the optical CMD etc., see the text for the details. Gap objects (which include CV candidates) are plotted in green, BS candidates in blue, MS in yellow, RG in red, EHB in magenta and BHB in cyan. Note that we didn't find any optical counterparts to our WD candidates. The counterpart to our variable candidate V6 is indicated in the optical CMD (right). We only compare BS candidates (dotted line), gap objects (dashed line) and HB stars (solid line), as only two WD candidates are present that are brighter than 21 mag in the NUV . Bottom panel: radial distribution of BHB stars (dotted line) and EHB stars (dashed line). EHB stars seem to be slightly more concentrated in the core. See the text for the details. Tuairisg et al. (2003) . See the text for details. Fig. 13 .-Close-up of the DN CV 1 or HCV2005-A that was in outburst only in our fourth F UV observing epoch (left image), but was in quiescence during all other F UV observing periods (middle image). The right image shows a close-up in the NUV . Note that we used the same orientation for these finding charts as Hannikainen et al. (2005) and Charles et al. (2002) , i.e. north is to the upper left corner and east to the lower left. CV 1 is marked with a circle and is located at α = 21 h 29 m 58.275 s , δ = 12
• 10 ′ 00. ′′ 1. The field of view of these close-ups is ≈ 1 ′′ × 0. ′′ 7.
Fig. 14.-The same as Fig. 13 , but for the DN HCV2005-B. North is to the top left and east to the bottom left. HCV2005-B appears as a faint NUV source (right), but is too faint to be detected in our F UV data (left).The field of view of these close-ups is ≈ 4. ′′ 5 × 3 ′′ . The location of HCV2005-B in our image is at α = 21 h 29 m 58.226 s , δ = 12
• 10 ′ 11. ′′ 4.
